Surface Fermi arcs are the most prominent manifestation of the topological nature of Weyl semimetals. In the presence of a static magnetic field oriented perpendicular to the sample surface, their existence leads to unique inter-surface cyclotron orbits. We propose two experiments which directly probe the Fermi arcs: a magnetic field dependent non-local DC voltage and sharp resonances in the transmission of electromagnetic waves at frequencies controlled by the field. We show that these experiments do not rely on quantum mechanical phase coherence, which renders them far more robust and experimentally accessible than quantum effects. We also comment on the applicability of these ideas to Dirac semimetals.
I. INTRODUCTION
Topology in various guises plays a central role in modern condensed matter physics 1,2 . In recent years, a sharpened understanding of the topology of electronic wave functions in crystals has stimulated the discovery of new phases of matter 3, 4 . Among the remarkable manifestations of these phases are robust gapless edge modes and precisely quantized bulk response functions, linked by the celebrated bulk-boundary correspondence. Although the original applications of topological ideas to band structures relied on the existence of a fully gapped bulk spectrum, more recently it has been recognized that protected surface states can arise even in gapless systems [5] [6] [7] [8] [9] [10] [11] .
The prototypical example of a gapless topological phase is a Weyl semimetal (SM) [8] [9] [10] [11] : a three dimensional crystalline material where the bulk is gapped except at an even number of points in the Brillouin zone (BZ) in which the energy bands touch -the Weyl nodes. In the vicinity of these nodes, the electrons disperse as massless relativistic particles, and may be described at low energies by a Weyl Hamiltonian familiar from particle physics, H ≈ ± v 0 k · σ. Here σ is a pseudo-spin degree of freedom, k is measured from the Weyl node, and the sign is set by the electron chirality 12 . From the perspective of band topology, a Weyl node is either a source or a sink of Berry flux, depending on the chirality. While the total Berry flux in the 3D BZ must be zero, as long as Weyl nodes of opposite chirality are separated in momentum space, there must exist two-dimensional cuts of the 3D BZ in which the Chern number is non-zero. Each such cut defines a 2D integer quantum Hall state. For a finite sample, these states necessarily have edge modes on the appropriate surfaces. Consequently, for 3D samples these real-space surfaces host "Fermi arcs" of states that belong to the two dimensional momentum-space Fermisurface 9 .
When a magnetic field is applied perpendicular to realspace surfaces that carry Fermi arcs, electrons traverse unique cyclotron orbits that connect opposite surfaces of the sample. These cyclotron orbits are central to our discussion. They are reflected in the quantum ShubnikovdeHaas (SdH) oscillations of the resistance 13 , as was recently observed in a closely related Dirac semimetal Cd 3 As 2 14 . In addition, Weyl semimetals have been predicted to exhibit various unusual magneto-transport phenomena, related to the "chiral anomaly" 15, 16 .
Following an early suggestion 17 that certain iridium pyrochlores may host a semimetal with N W = 24 Weyl nodes, the number of Weyl SM candidates has proliferated to include HgCr 2 Se 4 with N W = 4 18 and heterostructures of normal and magnetically doped topological insulators 10 . In particular, non-centrosymmetric transition-metals, such as TaAs, have been predicted in Ref. 19 and 20 to be Weyl SMs. Indeed, recent photoemission and transport measurements provide strong evidence for realization of a Weyl SM phase in TaAs [21] [22] [23] [24] [25] . In addition, closely related Dirac semimetals, that also carry Fermi arcs, have been observed experimentally [26] [27] [28] [29] [30] .
In this work we show how inter-surface cyclotron orbits affect the electronic properties of Weyl semimetals already at the semi-classical level. As a result, we are able to propose two experiments to probe these trajectories without requiring quantum mechanical phase coherence. These experiments pose far less stringent requirements than SdH oscillations in terms of sample purity, surface roughness and temperature.
We consider a box-shaped slab of Weyl semimetal with the main axes being the Cartesian axes, and with the Fermi arcs on the z = 0, L surfaces. We assume L to be much smaller than the other two dimensions. A magnetic field B is to be applied in the z-direction. For concreteness, we consider a time-reversal symmetric Weyl SM. Therefore, the surface must include an even number of Fermi arcs, and the minimal number of Weyl nodes is N W = 4, as shown in Fig. 1a . For simplicity, we ignore the curvature of the arcs and consider straight Fermi lines directed in the y direction with a constant band velocity v a along the x direction and momentum extent k 0 . Although the electrons that reside on a single arc posses a non-zero mean velocity, the surface current is zero, due to the cancellation between any pair of time reversed arcs.
We propose two related experiments. In the first, we consider two parallel line-shaped Ohmic contacts placed on the z = L surface of the slab, separated by a L as depicted in Fig. 2a . In standard metals, the current path
Fermi arcs in the surface Brillouin zone for a time-reversal-invariant Weyl SM. For simplicity, we ignore the curvature of the arcs and consider straight arcs that are directed along the y-axis. The extent of the arcs is k0. The red dots denote pair of Weyl nodes with a positive/negative chirality. The blue dots denote their time-reversal partners. The electron velocity, va, is perpendicular to the arc at each point. Within the straight arcs approximation, the magnitude of |va| ≡ va is independent of k. In the presence of a perpendicular magnetic field, the surface electrons 'slide' along the Fermi arcs towards the negative chirality Weyl node. An electric field pulse in the x-direction leads to a momentum shift, ∆k, i.e., the right arc is slightly populated while the left arc is depopulated. (b) Bulk LL near one of the Weyl nodes. The red line denotes the chiral LL.
extends a distance of the order of a into the bulk. Hence, for a L the current at the z = 0 surface vanishes as a/L 2 . We show that in the presence of a perpendicular magnetic field when a voltage V is applied between the two contacts on the top surface, opposite currents are induced in the two surfaces of the sample. As a consequence, a voltage αV is induced in the bottom surface, that scales linearly, α ∝ |B|, for small fields.
Our second proposal considers an electromagnetic microwave radiation propagating from z = ∞ downward along the −z-axis, as depicted in Fig. 2b . We show that when the slab is much thicker than the semimetal skin depth, such that the radiation is expected to be mostly reflected by the slab, there are transmission resonances at which a significant part of the radiation is transmitted, with an amplitude that is independent of L. The transmission amplitude is again linear in |B| for small fields, as is the resonant frequency.
The effects we discuss here involve transfer of electrons between Weyl nodes. In a clean Weyl semi-metal in a magnetic field, there are two mechanisms for electrons to be transferred between different nodes: the chiral anomaly (which is effective in the bulk) and the Fermi arcs at the surface. Our proposals rely on the second mechanism, in contrast to those of Ref. 16 that originate from the first. 
II. NON-LOCAL CONDUCTIVITY
Both these phenomena originate from the same mechanism -the non-local conductivity of a Weyl semimetal in a magnetic field. Linear response theory defines the conductivity in space-time through the relation j(r, t) = dr dt Σ (r, r , t − t )E(r , t ). Applying Drude theory to a doped Weyl/Dirac node, we find
where τ is the momentum relaxation time, v 0 the velocity, k F the Fermi momentum andσ 0 is the local Drude conductivity. We useΣ to denote time-domain conductivity, and remove the tilde for frequency-domain conductivity. The unique inter-surface cyclotron orbits result in a non-local contribution to the conductivityΣ, not captured by Eq.(1). Consider an electric field pulse induced by a vector potential A x (z, t) = −A 0 f (z)θ(t), where f (z) is spread over a short length scale d around z = L. This length scale is a few times the spatial extent of the surface states in the z-direction. Immediately after the pulse, a surface current emerges, as may be computed from the shift of the Fermi level of the two Fermi arcs due to the applied vector potential. The induced current density is j 0 = ev a k 0 ∆k where ∆k = eA 0 f (z).
Following this shift of the Fermi surface, the magnetic field B causes the surface electrons to 'slide' along the Fermi arcs towards the negative chirality Weyl point, at a ratek = e v a × B (Fig. 1a) . As electrons slide on the Fermi arcs they eventually arrive at the Weyl nodes, where they merge into the 3D bulk. In the presence of the magnetic field, the bulk spectrum in the vicinity of each Weyl node consists of dispersive Landau levels (LL) as depicted in Fig. 1b . Specifically, the chiral LL that originates from the ν = 0 LL of Dirac electrons serves as a direct passageway for electrons from the top to the bottom surface. Note that the electrons travel along the same cyclotron orbit responsible for the unique quantum oscillation signature of Weyl SMs 13 .
When the excess current is all in the chiral state, i.e., when the Fermi energy µ satisfies |µ| < v 0 √ 2 eB, the entire current flows to the opposite surface, where it flows in the −x direction. In the z = 0 layer the sign of the velocity reverses, and hence so does the sign ofk y , such that the electron motion along the arc brings it to a chiral state that flows back to z = L, completing the inter-layer cyclotron motion. In the absence of scattering, this cycle repeats indefinitely. Scattering between different Weyl nodes is detrimental to inter-surface cyclotron orbits. In clean samples such scattering is rare due to the large momentum difference between nodes. Scattering within a Weyl node is highly suppressed when |µ| < v 0 √ 2 eB since there are no Landau levels to scatter into; we discuss the case |µ| > v 0 √ 2 eB below.
Altogether, then, a pulse of an electric field in the xdirection at z = L leads to alternating and opposite currents j 1 , j 3 in the two surfaces, and an alternating bulk current j 2 − j 4 between the surfaces. The periodic orbit is depicted in Fig. 2b . The period T 0 is obtained by combining two basic timescales: T 0 = 2(T z + T arc ), where T z = L/v 0 is the time needed for electrons to cross from the upper to the lower surface, and T arc = k 0 /(eBv a ) is the time needed for electrons to slide along the Fermi arc. Here again, k 0 is the extent of the arc in k-space and v a is the magnitude of the arc velocity as depicted in Fig. 1a .
We now focus on the current in the lower surface, j 3 in Fig. 2b , from which we calculateΣ(0, L, t − t ). We consider only the evolution of the excess electrons due to the imbalance generated by the electromagnetic (EM) pulse, since the current is solely determined by these electrons. At t = 0 the excess electrons populate all the states along the Fermi arc. These states are gradually depleted to the bulk at a constant rate, e Bv a , until all states are empty at t = T arc . The first excess electron reaches the lower surface at t = T z . Gradually, more and more excess electrons reach the lower surface until t = T z + T arc , where a maximum in the current density, j 3 , occurs. Then, the excess electrons start to leave the lower surface and move towards the upper one, completing the cycle. Scattering between the Weyl nodes is expected to suppress this current, and we characterize it by a relaxation time τ v and length l v . The current decays as e −t/τv as more and more cycles occur. The effect of intra-node scattering, which takes place when |µ| > v 0 √ 2 eB is discussed below.
A sketch of the real-time current on the lower surface, j 3 (t), is shown in Fig. 3a for the case |µ| < v 0 √ 2 eB. Assuming a linearly rising current as the electrons arrive at the bottom surface, the current on the lower surface is obtained by convolving a periodic function representing the cycles, with a 'triangle function' Λ(t) describing the growth and decay of the current in each cycle, and scattering induced exponential suppression.
where * denotes a convolution. The current induced at the same surface at which the electric field is applied is given by a similar expression, with the 1/2 absent. Fourier transforming and substituting j 0 we get an expression for contribution of the cyclotron orbits to the conductance,
where ϕ = (τ
Consequently, we approximate the non-local currents by
where σ W ≡ Σ(0, L, ω) is the 'Weyl conductivity'. The Drude conductivity σ 0 and the Weyl conductivity σ W have the same units. In our estimate of σ W we neglect the variation along the arc of the localization length of surface states in the z-direction. We also ignored diabatic transitions into the bulk 13 . The latter effect is just a correction k 0 → k 0 − β −1 B where B is the magnetic length and β ∼ O(1).
III. EXPERIMENTAL SIGNATURES OF NON-LOCAL CONDUCTIVITY
Having calculated the non-local part of the conductivity, we are in a position to analyze the two experiments we propose.
A. DC Transport
When a DC voltage is applied between the lines x = ±a/2 on the z = L surface, a current flows in the sample. The current density and electric field must satisfy Kirchoff's rules and Ohm's law,
where Σ is the calculated conductivity (including the non-local part in (4)). We ignore the inter-valley currents due to the chiral anomaly, that would generically make the bulk conductivity moderately anisotropic (see the next section for a discussion). The boundary conditions impose zero current perpendicular to the surface everywhere except at the contacts, and enforce the voltage V = − E · dl between the contacts. At zero magnetic field the conductivity is purely local. Consequently, the current path extends a distance of the order of a into the bulk, and vanishes as a/L 2 at the z = 0 surface. Fig. 4 presents the current path in the presence of a non-local conductance. The color represents the stream function ψ(x, z) which is related to the current as follows:
A few equal value contours of ψ(x, z) and the direction of the current along them are also shown in to Fig. 4 . The current flows along contours (green) of constant ψ (in the direction of the arrows). The values of the presented contours are equally spaced. Hence, the current that flows between any two contours is the same, and the magnitude of the current density is proportional to the density of the (green) contours. As can be seen in Fig. 4a , only a small current reaches the lower surface.
On the other hand, as seen in Fig. 4b , the application of a magnetic field leads to an opposite current at the z = 0 surface. The chiral modes in the bulk, which mediate the current between the two surfaces, are always parallel to the magnetic field. Therefore, when the magnetic field is along the z-axis, the current on the lower surface appears approximately below regions on the upper surface where a non-negligible electric field is developed. Details of the calculation are given in Appendix A 1.
Inter-valley currents due to chiral anomaly
We address the effect of the chiral anomaly on the DC effect. When a DC voltage is applied between the two upper contacts, the electric field lines bend into the bulk at the vicinity of the upper surface. The resulting E z leads to a density transfer between the two chiral modes in the bulk according to: , and its magnitude is given by |∇ψ| which is proportional to the density of the green contours. In (a) we find that
This is the so-called chiral anomaly. The change in the bulk current is then given by:
Employing theses relations, we conclude that an extra current j z is produced due to the chiral anomaly:
where B is the magnetic length. Evidently, the chiral anomaly renormalizes the longitudinal conductivity in the z direction, i.e.,
, while the other
Hence, the effect of the chiral anomaly is to make the bulk conductivity anisotropic. The solution of the Kirchoff-Ohm's equations in the anisotropic case may be related to the solution in the isotropic case by the following simple rescaling:
where the tilde represent quantities evaluated in the isotropic case, and
−1 L/ ) 1/2 with N being the filling factor of the nonchiral Landau levels. Thus, as long as α ∼ O(1) the DC effect is only moderately affected by the chiral anomaly.
B. AC Transport
The second experiment examines the transmission of electro-magnetic radiation through the slab. Assuming translational invariance in the xy plane, the propagation of a monochromatic electromagnetic wave along the zdirection is described by the inhomogeneous wave equation (c = 1),
where ρ and j are the charge and current densities inside the metal and µ is the permeability of the metal. Assuming incident radiation polarized along x and with an amplitude E 0 , only the x-component of the electric field is nonzero outside the slab, so that the solution of Eq. (11) satisfies E(ω,
Solving for E(0) as a function of E 0 and ω allows us to characterize the transmission amplitude of the wave through the sample, |E(0, ω)/E 0 |.
In the presence of a non-local electrodynamic response, we can rewrite Eq. (11) as
where σ 0 is the conductivity of the metal, and j NL is defined in Eq. (5). For Σ = 0, the solution of Eq. (12) is an evanescent wave decaying exponentially into the bulk, E x (z) ∼ e −z/δ with the skin depth δ −1 = Im(ω 2 + iωµσ 0 ) 1/2 ≈ (ωµσ 0 /2) 1/2 . We assume that the bulk is sufficiently metallic that the Hall angle is small; then, in the absence of non-local terms, the transmission is exponentially small in the sample width.
Solving Eq. (12), we find a significant increase in the transmission coefficient when the frequency of the applied EM field is an integer multiple of ω 0 = 2π/T 0 , as depicted in Fig. 3b. In appendix B , we analyze the transmission coefficient as a function of the ratio σ W /σ 0 . We find that for frequencies where σ W (ω) is non-negligible, electric field E(0) is comparable to E(L). As σ W increases, the transmission increases rapidly until σ W ∼ σ 0 , where it saturates. The saturation value depends on the ratio ω/σ 0 . The non-local orbits "connect the surfaces", which eventually leads to a field in the lower surface E(0) that may be as high as the field E(L). That does not amount to a full transmission because E(L) is not E 0 . For a thick standard metal the radiation is partially reflected and partially absorbed. The absorption originates from the penetration of an electric field into the metal. In the Weyl case, the mechanism we described transforms part of the absorption into transmission, with an effectiveness that increases with σ W /σ 0 . However, this mechanism does not completely eliminate the reflection, and hence the transmission saturates at a value smaller than one. The increase in absorption with ω in standard metals is converted into resonant transmission at multiples of the cyclotron frequency.
In other words, in the presence of a magnetic field the Weyl semimetal acts as a "narrow band-pass filter" for incident EM radiation around harmonics of the frequency ω 0 = 2π/T 0 . The frequency ω 0 can be tuned easily, since it depends on both the system width, L, and the magnetic field B. In crystals where the surface hosting Fermi arcs lacks C 4 symmetry, the results of the AC experiment would be polarization dependent. More details appear in appendix B.
The resonant transmission we find resembles the Azbel'-Kaner cyclotron resonance [31] [32] [33] [34] [35] , in which magnetic fields parallel to the sample surface lead to enhanced transmission when the cyclotron radius and frequency match the sample thickness and the frequency of the applied electromagnetic field, respectively. Note that previously proposed nonlocal effects in Weyl SMs 16 are quite distinct from those considered here.
IV. EFFECTS OF SCATTERING
Shubnikov-deHaas oscillations of the resistance are a consequence of quantum interference, and are hence suppressed by elastic and inelastic scattering, even at small momentum transfer. As such, they are suppressed exponentially in the ratio of the size of the cyclotron orbit to the mean free path and the ratio of the temperature to the cyclotron energy 36 . For the inter-surface cyclotron orbits we consider this requirement restricts the sample size L l, achieved through low temperature measurements on very thin, high-purity samples.
In contrast, the two transport phenomena that we discuss here, while they rely on the existence of the cyclotron orbits, do not rely on quantum interference around the orbits, and therefore phase coherence is unimportant. Their existence is affected instead by how multiple scattering events in the bulk alter the structure of Σ(t) (shown in Fig. 3a) . To address this, we return to the spectrum depicted in Fig. 1b , and assume the chemical potential µ to be such that the chiral state overlaps in energy with N > 1 Landau levels.
For concreteness, we consider a Weyl node where the chiral state flows downwards (in the −z direction). In the absence of scattering the Weyl node has N + 1 modes flowing downwards and N modes flowing upwards. We model the semiclassical scattering as a diffusion process, in which the electron is scattered between the 2N + 1 modes, with a scattering event taking place at a rate 1/τ , with τ T z . For each Landau level, the upwards and downwards velocities are identical in magnitude, but velocities are not necessarily identical between Landau levels. Due to the unpaired chiral state, the diffusion process results in a downwards average drift velocity v d , which is smaller than the velocity of the chiral mode, v 0 . Neglecting velocity differences between different Landau levels, v d = v 0 /(2N + 1), and the average crossing time between surfaces becomes
. Moreover, the diffusion leads to fluctuations in the crossing time, characterized by a variance ∆T z around T z . The relative width of the distribution of arrival times to the bottom surface is given by
where D = v 2 0 τ is the diffusion constant, and l = v 0 τ is the mean free path. Thus, as long as l (2N + 1) L, the first passage of the current from one surface to another occurs at a rather well defined time. In terms ofΣ(t), this will lead to a shift, smoothening and broadening of the first peak of Fig. 3a . The area under the peak stays constant, since the entire current crosses from one surface to another (see below). As the current continues along the inter-surface cyclotron orbits the spread of the crossing times increases, and hence the peaks ofΣ(t) further broaden, until effectively merging together at a time t where Dt ≈ L 2 . Interestingly, intra-Weyl node scattering does not suppress the cyclotron current that gives rise to the non-local Σ(t), even after the peaks merge together. The reason for that may be understood by considering an analog situation in the realm of the two dimensional quantum Hall effect. Imagine a ν = 1 QHE state at the half-plane x < 0, with an downwards-moving chiral edge along the y-axis. Now imagine coupling the y < 0 part of the edge to N semi-infinite quantum wires of spinless electrons, each carrying one upwards-moving chiral mode and one downwards-moving chiral mode. Independent of whether the coupling is ordered or random, it cannot block a downwards moving current emanating from y = +∞, due to the chirality of the QHE edge. The coupling to the wires merely renormalizes the velocity of the edge state and modifies its wave function.
In Weyl semimetals the surface plays the role of the QHE y > 0 edge. As long as the surface is free of scattering, the momentum of states on the surface is well defined. The finiteness of the arc, together with the drift imposed by the equation of motion k = ev a ×B, enforce a flow of the electrons into the bulk, which plays the role of the y < 0 region in the QHE case. This flow cannot be reversed as long as electrons are not transferred to a Weyl node with an opposite chirality, since the direction ofk is fixed for every arc. Thus, the entire current that enters the bulk from one surface must cross all the way to the other surface. As long as electrons' chirality changes only at the surface, the peaks in Fig. 3a preserve their area under scattering.
Transforming these observations into the frequency domain, we find that Σ(ω) shows clear resonances, as in Fig. 3b , around harmonics of a modified cyclotron frequency 2π/ T 0 . The height of the peaks decays fast with frequency, but the low frequency peaks remain almost unaltered when compared to the clean case. The DC part, Σ(ω = 0), which involves the integral over all times, is not altered by intra-node scattering. Consequently, intra-node scattering does not affect the signal in the first experiment we proposed here. Two factors that do affect this experiment are inter-node scattering and the chiral anomaly. Inter-node scattering is characterized by valley relaxation length, l v , which can be tens of microns 16 . It should therefore be rather ineffective. For the AC experiment, inter-valley scattering suppresses the area under the peaks inΣ(t) and hence also the resonances in Σ(ω). However, as long as the rate is smaller relative to the resonance frequency, its effect is small.
The effect of temperature on the two experiments is indirect, through its effect on the intra-and inter-node scattering rates, as well as on the number of bulk filled Landau levels. In all cases, the resulting effect scales like a power-law. This is in contrast to quantum oscillations, whose amplitude decreases exponentially with temperature 36 .
Finally, we comment on the applicability of these ideas to Dirac semimetals. Dirac SMs host similar inter-surface cyclotron orbits. In Dirac SMs, unlike in Weyl SMs, the counter propagating chiral LL reside at the same node. This reduces the robustness of the proposed effects, since now scatterings between the two chiral channels do not require large momentum transfer. Furthermore, in Cd 3 As 2 , the surface on which arcs are seen breaks the protecting symmetry 13 and hence, one might worry that the arcs could be reconstructed into an ordinary Fermi surface. Nonetheless, as long as the scattering rate between the different chiral levels is small, as suggested in 16 , the effects should be visible also in Dirac SM. Note that the experimental observation of Fermi-arc orbits in Cd 3 As 2 14 is very encouraging in this regard.
V. ESTIMATES OF SCALES
We provide quantitative estimates of various relevant quantities. For typical values of L = 5 − 50 µm, v 0 = 1 · 10 5 − 6 · 10 5 m/s and T arc < T z , the Weyl cyclotron frequency is ω c = 5−500 GHz., i.e., in the microwave range. In order for the described resonances to be a relevant probe, the sample should be thicker than the skin depth δ at moderate frequencies (if not, samples will be transparent at these frequencies independently of the magnetic field.) Assuming low-temperature scattering-rates similar to the ones measured in Dirac SM, we may extract a typical sample resistivity of the order ∼ 10 µΩcm 26,27 . This value produces a skin depth δ ≈ 40ω −1/2 cm, which is ∼ 1 µm at microwave frequencies, serving as a lower bound on sample thickness. The upper bound is determined by the inter-node scattering processes: we require that L l v , the valley relaxation length, which can be tens of microns 16 . As a final point, we remark on a subtlety: unlike usual cyclotron orbits, the frequency for electron motion on the nonlocal orbit connecting opposite surfaces is thickness-dependent. Since the Weyl cyclotron resonances occur at the harmonics of this frequency, in order to observe the resonant transmission, we require that the skin depth at the lowest resonant frequency is smaller than the sample size, L, which induces an implicit dependence of the skin depth on the thickness, δ = δ[ω c (L)] in order to observe Weyl cyclotron resonance. Thus, we have an additional constraint on the thickness, δ[ω c (L)] < L. Fig. 5 shows the dependence of δ on the thickness for various values of the drift velocity v d ; we see that for L 5 µm, this condition is indeed satisfied. 
VI. CONCLUSIONS
We have shown that inter-surface cyclotron orbits affect the electronic properties of Weyl semimetals already at the semi-classical level, and we proposed two experiments which directly probe these orbits. We demonstrated that, in the presence of a magnetic field, the transport in Weyl SMs is characterized by a non local conductivity which leads to the appearance of a magnetic field dependent non-local DC voltage and to a resonant transmission of electromagnetic radiation through macroscopic samples of Weyl semimetals. Furthermore, we argued that the semi-classical origin of the effects reduces dramatically the experimental requirements of thin-films, low temperatures and pure samples. We consider a sample with four stripe-like Ohmic contacts lying along the y direction and at a distance a L from one another as shown in Fig. 6a . Two contacts are positioned on the z = 0 plane and two on the z = L plane. We assume that the y direction extent is much larger than L, such that we expect translation invariance along y. Therefore, we consider a slice of the x − z plane, Fig. 6b. A current, I , is injected via contact A and withdrawn from contact B. The voltage difference V CD will then be calculated. The equations governing the current flow are:
We choose to work here with the resistivity and not the conductivity since it simplifies the implementation of boundary conditions in this setup. The generalized Ohm's law can be expressed in a matrix form:
. Hence, the inverse relation is given by:
In the last equality we assumed that σ W σ 0 . This approximation is not essential. However, it simplifies the calculation. Later, we also discuss the opposite limit σ W σ 0 . Using the form of the non-local conductivity, Eq. (5), we conclude that:
where the L and NL refer to local and non-local, respectively, and
Introducing the stream function ψ(x, z) as follows:
Eq. (A1) and the x, z components of Eq. (A2) are automatically satisfied. The y components of Eq. (A2):
Since no current can leave or enter the system except at the contacts, the stream function ψ must be constant along the boundaries. Since a current I is injected at contact A and withdrawn at contact B, integrating J x = −∂ z ψ across the step discontinuity at either contact implies that the jump in ψ across contact A (B) is I (−I). We choose I = 1, thus, the boundary conditions are: ψ = 1 on the boundary segment between A and B, and ψ = 0 on the all other boundary segments. Notice that the current density J lies along contours of constant ψ, with magnitude |∇ψ|. Additionally, the voltage difference between any two points on the boundary is given by:
For E NL = 0 the solution is depicted in Fig. 4a . Evidently, the current path extends a distance of the order of a into the bulk, and is therefore vanishingly small at the z = 0 surface. Inserting the solution in Eq. (A7) gives: V CD /V AB ≈ 0.005.
Next, we introduce the non local part E NL . The boundary conditions remain unchanged. The solution to Eq. (A6) with ρ W /ρ 0 = σ W /σ 0 = 0.15 is depicted in Fig. 4b , and the voltage ratio becomes: V CD /V AB ≈ −0.273.
In the limit σ W (ω = 0) σ 0 , in which the voltage ratio may be calculated numerically, it is proportional to σ W /σ 0 . The voltage ratio is depicted in Fig. 7 .
Next, we comment on the limit σ W σ 0 . Neglecting the dependence of the current on x, we may write a one-dimensional model for the current in the z-direction. By discretizing the z-coordinate z = (0, ∆z, 2∆z, · · · , L), where ∆z is larger than the thickness of the Fermi arcs, the conductivity may be expressed as a finite matrix of the form:
Inverting the conductivity matrix yields the resistivity matrix:
where
In agreement with Eq. (A4), for σ W σ 0 the coefficients become A ≈ 1/σ 0 and B ≈ σ W /σ 2 0 . In the opposite limit, σ W σ 0 , the coefficients become A ≈ B ≈ 1/(2σ 0 ). Independently of the current density profile, the condition A ≈ B forces the electric fields on the top and bottom surfaces to be equal, i.e., the voltage ratio tends to unity in the limit σ W σ 0 .
Finally, we comment on the locality of Σ in the x − y plane. In the above calculations, we assumed that Σ is local in the x − y plane. The locality breaks for lengthscales smaller than k 0 
The ratio of the voltages on the bottom and top surfaces as a function of the ratio σW /σ0. The voltage ratio is calculated numerically, in the limit σW /σ0 1, using the approximated Eqs. A1-A3. In the limit σW σ0, the voltage ratio tends to unity. The Maxwell equations in SI units are:
where µ = µ 0 µ r and = 0 r are the permeability and permittivity of the metal. We choose the applied a.c. electric field to be along the x direction. Hence, we may consider only the x component of Eq. (B1). The current in Eq. (B1) has two parts: J(z) = σ 0 E(z) + J NL (z), where σ 0 is the conductivity, and J NL (z) is non-local part (see Eq. 5 in the main text). In general, the σ 0 depends on ω. However, for microwave frequencies ωτ 1, hence, we neglect the frequency dependence of σ 0 .
Inserting the two parts of J to Eq. (B1), assuming translational invariance in the xy plane, and introducing the dielectric function, ε(ω) = r + iσ0 ω 0 , Eq. (B1) becomes,
where we assumed µ r ≈ 1 and employed the relation µ 0 0 = c −2 . Integrating Eq. (B2) form 0 − to 0 + and from L − to L + we find the boundary conditions (BC): E x (z) is a continuous function, in particular E x (0 − ) = E x (0 + ), E x (L − ) = E x (L + ), and
The last two BC are equivalent to the requirement that the discontinuity of the tangential magnetic field is proportional to the surface current. Next, we consider an incoming monochromatic field with a unit amplitude E 0 = 1. For z = 0 or L, the solution to Eq. (B2) has the following general form:
where k = ω c and q = ω c ε(ω). In typical metals and for microwave frequencies σ 0 0 ω. In this regime, all the physical quantities may be recast in terms of following three dimensionless quantities: Ω = (kδ)
−1 , ∆ = L/δ and S = σ W /σ 0 . Imposing the BC, we find
where the matrixM is given by For S = 0, the field in the metal decays as E s e −z/δ , where δ ∼ (ωσ 0 ) −1/2 is the skin-depth and the quantity E s is the field on the surface. The ratio between the field on the surface and amplitude of the applied field is proportional to (ωσ 0 ) 1/2 . In particular, the dissipation is dzE · J ∼ δσ 0 E 2 s ∝ (ω/σ 0 ) 1/2 . For a fixed σ 0 , as ω increases, the decay becomes stronger, however, the value from which it decays becomes larger.
In the Weyl case, the mechanism we described transforms part of the absorption into transmission, with an effectiveness that increases with σ W /σ 0 . However, this mechanism does not eliminate the reflection, and hence the saturation of the transmission at a value that is smaller than one. The increase of absorption with ω in standard metals is transformed here into higher transmission.
